Exchange rates of aerosol particles and vapor species between layers in the atmosphere allow us to estimate the lifetime of particles in the lower troposphere. This work analyzes data obtained during the ACE-2 campaign to calculate exchange using two independent methods, divergence and flux. The net entrainment rates obtained from the divergence method are based on spatiallyintegrated horizontal winds as well as on the average boundary layer height change. The flux method is based on an eddy correlation approach, but relies in this case on a point measurement of concentration change across an atmospheric interface. The thermodynamic structure in these three experiments included well-mixed layers in addition to overlying, more-stratified buffer layers, between which we have studied the net entrainment of air between adjacent layers. The range of entrainment rate magnitudes reported from both methods was from 0.000 m s−1 to 0.050 m s−1 (with the exception of a few outlying values). Since both methods have significant uncertainties, we believe the best estimates are the average net entrainment rates for both methods, which were 0.007, 0.007, and 0.006 m s−1 at the subsidence inversion, for Lagrangians 1, 2, and 3, respectively. The uncertainties were high for both methods, involving a factor of two uncertainty for entrainment rates below 0.020 m s−1. This high uncertainty suggests that continued use of multiple independent methods for measuring entrainment, preferably with the aid of improved instrumentation for fast measurement of conserved tracers and well-designed sampling strategies, is essential for improving models of the sources and sinks for chemical evolution. In some cases, net entrainment rates calculated from the 2 methods were comparable, but in others the spatial inhomogeneity and sampling limitations led to significant discrepancies in the predicted rates.
Introduction
position of aerosol particles varies with altitude and location in the atmosphere, their chemical properties are important for quantifying atmoDetermining the scattering of radiation in the spheric cooling effects (Russell et al., 1994) . In atmosphere requires characterizing aerosol proporder to determine these properties, the rate of erties, especially in the troposphere. Both in-situ transfer between different layers in the atmosphere, and satellite-sensed characteristics of aerosol propin particular between the boundary layer and the erties have been shown to differ significantly free troposphere, must be known. around the Earth in recent field measurement An important factor in determining the regional campaigns (Durkee et al., 2000) . Since the comaerosol composition is the rate at which new particles are transferred into or removed from the . .   .
conditions has been shown to dominate the evolu-summer months including intermittent cumulus formation. tion of anthropogenic aerosol particles by dilution This complex structure and the associated ( Van Dingenen et al., 1999 . Van Dingenen clouds limit the accuracy of all of those approaches et al. (1999, 2000) have shown that the entrainment to quantifying entrainment between the free tropomechanism can be more efficient than nucleation, sphere and lower layers. The flux method should condensation, cloud-processing, and coagulation be employed with a tracer that is conserved in processes in determining the shape of the typically cloud over a horizontally homogeneous region observed bimodal marine particle size distribution.
with multiple penetrations of the boundary layer Previous work has also suggested that entrainment top. The divergence method requires flying around may provide a source of new particle production a large region (at least 29 km radius) during a to the marine boundary layer by transport from time with minimal changes in structure (Lenschow nucleating regions in the free troposphere (Raes et al., 1999) . The budget method requires one or et al., 1993; . In order to determine the more vertically-characterized tracers with quantiquantitative role of entrainment in all of these fied sources and sinks (Russell et al., 1998) . In this aspects of aerosol evolution, we must calculate the paper, we compare the results obtained by the rate of exchange of air into and out of the marine flux and divergence methods and investigate the boundary layer.
impact of the North Atlantic region's meteoroOur approach and accuracy in measuring logical inhomogeneity on the predicted results. entrainment rates varies both with the regional During ACE-2 in June et al., 2000a) . During these Lagrangian experidivergence, flux, and budget approaches -have ments, the aircraft drifted with the wind while been employed by Lenschow et al. (1999) and flying in a square pattern, thereby moving with a Russell et al. (1998) . Both works considered particular air parcel that is tracked by a constantentrainment rates measured in remote regions of altitude balloon launched into the air mass. The the Southern Ocean in November and December flight numbers and start times for all three of 1995 during ACE-1 . Lagrangians are given by Johnson et al. (2000a) . Lenschow et al. (1999) show that the flux method Each flight was 8 to 10 h long and included from approach of quantifying the covariance of a con-three to nine closed-box patterns. These boxes served tracer with vertical wind is likely to be the were divided into one or two stacks at varying most accurate when the jump across the boundary altitudes, consisting of squares flown at a typical layer interface is measurably large and is sampled speed of 100 m s−1 with 270°standard-rate turns sufficiently to characterize its variability. Russell for the corners at each altitude. In addition to et al. (1998) illustrate that in the absence of these square patterns, profiles were flown from sufficient sampling, the divergence method or the approximately 7000 m to 30 m above sea level. budget method is likely to produce more consist-The data collected during the square patterns and ent results in regions that are not disturbed by the profiles were used to calculate entrainment frontal events.
rates. The two methods employed are described For the Second Aerosol Characterization in Section 2. Experiment (ACE-2), the region studied was the eastern North Atlantic, bounded by Portugal, northwest Africa, the Canary Islands, and the Azores Verver et al., 2000) . The meteorology of this area has been characterized 2. Entrainment calculations by several previous aircraft studies (Nicholls, 1984; Albrecht et al., 1985; Martin et al., 1994;  In a Lagrangian framework, the change in Bretherton et al., 1995) 
dz (6) during ACE-2 each tracked a unique and homogeneous air mass for the 36-h period during which where A is the area enclosed by the integration the balloons were followed. In considering rates path over the differential path segment dl, w is the of exchange among layers in this moving column average vertical velocity within the integration of air, different velocities in each layer result in path, and v n is the horizontal velocity component ambiguity as the balloon tracks accurately only normal to the path of integration, and we have the layer in which it resides. Significant differential used zero mean vertical velocity at the surface advection cannot be taken into account by this (Lenschow, 1996; Russell et al., 1998) . approach, although small variations in layer velocities are negligible if layers are sufficiently 2.1. Divergence method homogeneous.
To evaluate the above relationships for entrainHere, we will study a net entrainment velocity, ment, we measured the rate at which the height namely the net rate at which fluid passes from one of a layer interface changes with time and the rate layer to another across an interface A at height of subsidence at this interface (Lenschow, 1996 ; h A where this velocity is given by Russell et al., 1998; Lenschow et al., 1999) . The change in height with time was obtained from
curve fits of individual measurements of boundary layer height during vertical profiles through the In cases in which exchange occurs in both upward lower troposphere. and downward directions, the net entrainment For subsidence, we first calculated divergence by defined here is the difference between the 2 velocitintegrating the component of the wind normal to ies with the positive direction defined to be downthe flight path around a closed loop. Corners and ward. For an interfacial layer of infinitesimal any extra points at the beginning or end of the flight thickness, described by the altitude difference were removed from the data before calculating h A+ −h A− , eq. (1) can be integrated to give divergence. Using the resulting approximatelyclosed loop, the perimeter was used to infer the area
of the enclosed quadrangle. Then, the component of wind speed normal to the flight path was integwhere dS A is the difference in concentration across rated around the box and divided by the area to interface A and give the divergence as given in eq. (6). In order
to define downward vertical velocity as positive as derived by Russell et al. (1998) . Thus, the net consistently in the divergence calculation, we have entrainment velocity across layer A by the flux used the convention that clockwise motion and method is given by outward lateral wind components are positive. For each box, we obtained a value for the divergence at the sampled altitude. Linear fits of divergence rates
with altitude were calculated by least squares using three to five boxes for each stack. This relationship forms the basis of the flux method calculation.
In order to correct for the instrument bias in the direction of flight in the differential pressure The approach to calculating the net entrainment rate by the divergence method requires measure-measurements, average clockwise and counter- conserved in most of the conditions studied in the cloudy but primarily non-precipitating (with the clockwise differences were determined for each flight, and this correction was subtracted from all exception of part of Lagrangian 2) conditions encountered during ACE-2 is water mixing ratio. values (Lenschow, 1996) . The corrected divergence values were plotted against altitude in order to For water mixing ratio, the jump in concentration across the interface at the top of the boundary integrate from the surface to the boundary layer height, an example of which is shown in Fig. 1 for layer was determined by identifying the boundary layer height and calculating the difference in the flight A568, stack 2. The large directional instrument bias (which is seen in Fig. 1 to be on the average tracer concentration above and below the interface. The profiles of water vapor mixing order of the values reported) for the boxes sampled here contributes to the uncertainty of this ratio, virtual potential temperature, ozone concentration, and vertical wind are shown in Figs. 2, 6, approach since the resulting differences are small relative to the correction applied. By interpolating and 10. Mixing ratio (q) was determined from total water dew point temperatures. Virtual potenbetween the measured box altitudes and integrating from the surface to the boundary layer top tial temperature (h v ) and ozone (O 3 ) concentration were used to identify the layer boundaries. In the we have obtained subsidence using eq. (6) and entrainment from eq. (2).
predominantly and persistently cloudy conditions encountered during all three Lagrangian experiments (Johnson et al., 2000b; 2.2. Flux method Wood et al., 2000) , virtual potential temperature is not conserved because of condensation of water Entrainment rates can also be calculated using the covariance of a tracer with vertical wind and radiational divergence and consequently was not useful as a tracer. The top of the boundary fluctuations at the interface with the jump in tracer concentration across the boundary layer (Lilly, layer was identified where the fluctuations in the vertical wind indicated a decrease in turbulent 1968; Kawa and Pearson, 1989; Lenschow, 1996; Russell et al., 1998; Wang et al., 1999) . For the mixing and the tracer concentrations showed discontinuous jumps. The jump in water mixing ratio flux method, the tracer measured by the MRF C130 at high sampling frequency (32 Hz) that is across the boundary layer top (dS A ) was quantified
by taking an average of points in a 50 m range above and below the boundary. The covariance of water vapor mixing ratio with vertical wind was calculated by summing the cospectra, namely the real part of the Fourier transform of the detrended tracer multiplied with the conjugate of the Fourier transform of the vertical wind. Contributions to the covariance from scales too small and too large to be sampled sufficiently were removed by limiting the frequency range considered to the range from 0.01 to 16 Hz.
The covariance values were plotted with altitude for each stack in order to interpolate to the values account for the large uncertainties reported in Table 2 (Russell et al., 1998) . At each interface, −4.33239981×102t2 (7) the upward and downward entrainment rates are given by eq. (5).
h B (t)=−1.38892194×107
where t is given in Julian Decimal Time and h is 3. Lagrangian 1 in m. The decrease in height of approximately 600 m in 24 h of interface B indicates a quite rapid During Lagrangian 1, a relatively deep boundchange in the layer structure. ary layer capped by a subsidence inversion was For the surface-based mixed layer ( below interobserved which was made up of two layers, a face A), the results of the two methods showed buffer layer below interface B with scattered some agreement for flight A551, but predicted cumulus clouds and broken stratocumulus which opposite trends during flight A553 as shown in was decoupled from the surface by a well-mixed Fig. 4 . The divergence method is estimated to have surface-based layer below interface A. The transia higher error in all three flights, but for flight tion region at interface A was up to 100 m deep.
A553 the covariance-based entrainment also has The cloud layer showed a decrease in height with significant errors due to the small jump of time while the surface-based mixed layer experi-−1.16 g kg−1 in mixing ratio at interface A. For enced a gradual increase as described in Johnson the buffer layer under the subsidence inversion et al. (2000b) . A typical profile for this set of (interface B), Fig. 5 shows a peak value of Lagrangian flights is shown in Fig. 2 . The heights 0.023 m s−1 at JDT 185.5 (1200, 4 July). The of the layers were obtained by fitting polynomial mixing ratio flux method predicted −0.024 m s−1 functions to time series of temperature inversion for JDT 185.9 (2130, 4 July), providing a contraaltitudes and mixing heights as described in diction in the predicted direction of entrainment.
Johnson et al. (2000b). The curve fits used to
The latter estimate of net upward entrainment is illustrate the evolution of the boundary layer more likely since the rapid decrease in height of during these flights are shown in Fig. 3 and are interface B would require an uncommonly high given by eqs. (7) and (8): subsidence rate to account for the net downward h A (t)=−1.50088193×107 entrainment predicted by the divergence method. For divergence-based estimates, initial entrain-+1.61279993×105t
Tellus 52B (2000), 2 in Fig. 6 , revealing a relatively large increase in the height of the boundary layer between flights A558 and A559 . For the main subsidence inversion (interface B), an increase in height is observed as illustrated in Fig. 7 . We have fit the change in height of the boundary layer determined from temperature inversions and mixing heights as described by with a polynomial to give eq. (9) for interface A: ment rates at interface A of approximately 0.01 m s−1 were obtained across both interfaces, and the entrainment rates were predicted to increase during the Lagrangian to over 0.02 m s−1. As the subsidence inversion decreased in height from 1500 to 900 m in altitude, air was entrained at a continuously increasing rate from the free troposphere into the boundary layer during the 36-h study period.
Lagrangian 2
The boundary layer heights for Lagrangian 2 Layer B was fit with eq. (10) 
Figs. 8 and 9 show the entrainment rates predicted by the divergence and flux methods for the layers below interfaces A and B, respectively. The rates for the layer below interface B shows that the greatest entrainment of 0.023 m s−1 occurs where the boundary layer height is increasing fastest at JDT 198.15 (0330, 17 July) . Values for entrainment approach zero as the layer stops increasing in height. This large entrainment is consistent with a rapid addition of air to the boundary layer. Since mixing ratio is not conserved in drizzling cloud, we expect Fig. 9 . Same as in Fig. 4 at interface B for Lagrangian 2. the flux method to be less reliable in this case.
In addition to the subsidence inversion, a decoupling creating a new layer below interface A was observed and may have persisted for more than 8 h . Both methods predicted positive values of 0.011 to 0.024 m s−1 for entrainment at interface A as shown in Fig. 8 . For this layer, only limited data were available for the covariance method, so no trend is available for this data set. For the last Lagrangian experiment, a twolayered system was observed initially but later a third layer formed between the original two that contained high concentrations of several anthropogenically-emitted species (Wood et al., 1999 ). An example of the temperature, tracer, and vertical wind measurements is shown in the profile in Fig. 10 . Beginning with the internal boundary layer ( below interface A), Fig. 11 shows a relatively constant height before a rapid increase from JDT 204.9 (2130, 23 July) to 205.2 (0450, 24 July). Changes in height of interfaces A, B, and C are based on temperature inversion and mixing heights determined by Wood et al. (2000), and here the hyperbolic and polynomial fits for the heights of the interfaces are given by eqs. (12), (13), and (14), respectively, where we have translated the time t to JDT to be consistent with the previous equation format.
Lagrangian 3
Fig. 14. Same as in Fig. 4 at interface C for Lagrangian 3.
For interface A, a hyperbolic function has been used by Wood et al. (2000) instead of a polynomial Nevertheless, the mixing ratio-based flux method estimate of entrainment rate agrees well with the in order to more accurately represent the change in height with time for this case. divergence method in both shape and magnitude. This agreement is consistent with the estimate of Fig. 12 shows the entrainment rates calculated for Lagrangian 3. There is a large increase in the that only 12% of a 0.00027 m d−1 precipitation rate was removed to divergence-based entrainment rate calculated for the rapid rise in the internal boundary layer with the surface, minimizing the loss of the water tracer in this case. these values increasing from 0.002 to 0.029 m s−1. The curve based on mixing ratio flux shows little often did not agree. The calculated entrainment correlation, with all values under 0.004 m s−1. rates are near the low end of the range of reported For this layer, we have sufficient time histories entrainment estimates (Stull, 1988; Russell et al., of ozone and carbon monoxide (CO) to compare 1998). Both methods suffer from significant uncerthe entrainment rates derived from the budgets of tainties which we describe here. these species to the flux-based entrainment rate Lenschow et al. (1999) have studied the errors for w2 1 e , namely the downward entrainment of associated with the divergence approach for a air through interface A (Kawa and Pearson, 1989 ; 1000-m boundary layer for sampling statistics of an Russell et al., 1998) and CO budgets stratocumulus-capped boundary layer using the initially predict higher entrainment rates at JDT horizontal velocity integral scale obtained by 204.83 of 0.005 and 0.002 m s−1, respectively, but Lenschow and Stankov (1986) . For each stack used also show increasing trends at JDT 205.10, pre-to calculate a divergence in this work, there are dicting values up to 0.011 and 0.030 m s−1, respect-three to five consecutive sampling times of 28 min ively. Due to the limited sampling times and the each, corresponding to predicted uncertainties of uncertainties in the photochemical reaction rates from 0.019 to 0.051 m s−1, or relative errors from of both O 3 and CO, the relative errors in these 98% to 1400%. Typical values of the uncertainties budget-based estimates are greater than 90%.
are between factors of 2 and 4 for a single stack. For the short-lived anthropogenically-influ-The number of boxes for each stack, the height of enced layer ( below interface B) shown in Fig. 13 , the layer interface during each stack, and the corresthere is also little agreement between methods. ponding estimated error for each calculated entrainHowever, the divergence method predicts a large ment rate are given in Table 1 . negative entrainment initially at −0.040 m s−1
Since flight patterns consisted of boxes broken that increased in magnitude to −0.009 m s−1 into four discontinuous sides, the accuracy of the before the layer became indistinguishable from calculation is also limited by the fact that the layer A. The water mixing ratio flux method sampling was not strictly carried out as a closedgenerally predicted values near zero.
loop. In most instances, the distance of closest The subsidence inversion (interface C) decreases approach did not exceed 25 m at each intersection, in height with time, and the divergence methodfor a total closing distance for the entire square based entrainment rates are less than −0.01 m s−1 of 100 m. Calculations of Lenschow et al. (1999) for the entire Lagrangian as shown in Fig. 14. At suggest that the associated error in the divergence JDT 204.9 (2130, 23 July), the divergence method for this offset would be less than 4×10−6 s−1, predicted −0.021 m s−1, but the mixing ratio flux which would result in a negligible contribution. method predicted 0.015 m s−1, corresponding to a
The finite time required to complete a single difference in magnitude of 0.036 m s−1. The negabox pattern also results in a measurement which tive net entrainment predicted by the divergence represents both a spatial and temporal average, method here is inconsistent with the existence of subject to the variability in the boundary layer in a turbulence-free layer above the subsidence inverboth time and space. If we assumed that the sion. This contradiction indicates that the diverchanges in entrainment rates over multiple stacks gence method is not appropriate here, suggesting and multiple flights were smaller than the uncerthat the difference in horizontal wind velocity at the inversion resulted in significant differential tainties reported here for individual measurements, horizontal advection (which is assumed to be we can improve our sampling statistics by avernegligible in this approach).
aging at the expense of diminished time resolution.
With this important caveat, we obtain entrainment rates for the interfaces directly below the free 6. Uncertainty analysis troposphere of 0.007, 0.007, and 0.006 m s−1 with errors of 0.013, 0.011, and 0.014 m s−1 for The divergence and flux methods showed similar trends for entrainment, but the magnitudes Lagrangians 1, 2, and 3, respectively. Here we 
